Glycogen synthase kinase 3 (GSK3) is a critical enzyme in neuronal physiology; however, it is not yet known whether it has any specific role in presynaptic function. We found that GSK3 phosphorylates a residue on the large GTPase dynamin I (Ser-774) both in vitro and in primary rat neuronal cultures. This was dependent on prior phosphorylation of Ser-778 by cyclin-dependent kinase 5. Using both acute inhibition with pharmacological antagonists and silencing of expression with short hairpin RNA, we found that GSK3 was specifically required for activity-dependent bulk endocytosis (ADBE) but not clathrin-mediated endocytosis. Moreover we found that the specific phosphorylation of Ser-774 on dynamin I by GSK3 was both necessary and sufficient for ADBE. These results demonstrate a presynaptic role for GSK3 and they indicate that a protein kinase signaling cascade prepares synaptic vesicles for retrieval during elevated neuronal activity.
a r t I C l e S GSK3 is a ubiquitously expressed multifunctional enzyme that is essential for many fundamental processes of cell biology. Its dysfunction is implicated in diseases such as cancer and diabetes 1 . GSK3 has two isoforms, GSK3α and GSK3β, that are encoded by two separate genes and has a high level of basal activity in cells 2 . GSK3β is highly enriched in the brain and defects in its function have been implicated in neuronal conditions, such as Alzheimer's disease, schizophrenia and bipolar disorder 3, 4 . GSK3β has also been implicated in normal CNS function such as neural tube development 5 and the induction of long-term depression 6 , but it has no known presynaptic role (even though the enzyme is enriched in this region 4, 6, 7 ) .
Neurotransmitter release is dependent on the efficient retrieval of synaptic vesicles from the nerve terminal plasma membrane. At least two parallel mechanisms exist to retrieve synaptic vesicles after exocytosis. Clathrin-mediated endocytosis (CME) generates single synaptic vesicles and is the dominant synaptic vesicle retrieval mode during mild stimulation 8, 9 . During stronger stimulation, additional retrieval capacity is provided by ADBE. ADBE is a rapidly triggered, high-capacity endocytic mode that is dominant during elevated neuronal activity 10 . ADBE invaginates large areas of plasma membrane to form endosomes from which synaptic vesicles can bud and rejoin the recycling synaptic vesicle pool [11] [12] [13] .
Both CME and ADBE require the activity of the large GTPase dynamin I 13, 14 . However, ADBE is also uniquely regulated by a cycle of dynamin I dephosphorylation and rephosphorylation. At a specific activity threshold, ADBE is triggered by a calcineurin-mediated dephosphorylation of dynamin I on two sites on its C-terminal prolinerich domain (PRD), Ser-774 and Ser-778 (ref. 13) . After stimulation ceases, the rephosphorylation of these residues is dependent on cyclin-dependent kinase 5 (cdk5) activity 15 , an event that is equally essential for ADBE 12 . To date, cdk5 is the only protein kinase that has been directly implicated in synaptic vesicle retrieval, despite the fact that the phosphorylation cycles of many endocytic proteins are stimulus dependent 16 .
GSK3 is unusual compared with other protein kinases, as it primarily only phosphorylates its substrates after they are phosphorylated at a nearby site by another protein kinase. This phenomenon is called priming and occurs at Ser or Thr residues that are located four or five amino acids C terminal to the GSK3 target phosphorylation site 1 . Cdk5 is one of a small group of priming protein kinases that prime GSK3 substrates for phosphorylation 17 . The major dynamin I phosphorylation sites reside in an ideal consensus sequence motif predictive of GSK3 phosphorylation (RSPTSSPTP 773-781 ). We therefore postulated that cdk5 may be the priming kinase for Ser-778, allowing GSK3 to phosphorylate Ser-774. If such a priming mechanism took place, this would indicate that GSK3-dependent dynamin I phosphorylation is a critical event in ADBE, as both cdk5 activity and dynamin I phosphorylation are essential for the process 12, 13 .
We found that cdk5 primes dynamin I for phosphorylation by GSK3 both in vitro and in vivo; thus, GSK3 is a dynamin I kinase. In addition, GSK3-dependent protein rephosphorylation was required for ADBE, but not CME, in central nerve terminals. Finally, we found that rephosphorylation of Ser-774 on dynamin I by GSK3 was necessary and sufficient for the triggering and maintenance of ADBE. These results show a role for GSK3 in presynaptic function and reveal a unique partnership between cdk5 and GSK3 in controlling the majority of neuronal synaptic vesicle retrieval during elevated neuronal activity. a r t I C l e S
RESULTS

Cdk5 primes dynamin I for phosphorylation by GSK3
The C-terminal PRD of dynamin I contains a predicted consensus motif for GSK3-dependent phosphorylation of Ser-774. This prediction requires that another priming kinase phosphorylates Ser-778. As we have previously established that cdk5 phosphorylates both of these sites in vitro 15 , it is possible that cdk5 is the priming kinase ( Fig. 1a) .
To test this, we performed a series of two-step in vitro phosphorylation experiments ( Fig. 1a) . As the priming step, we first incubated recombinant dynamin I PRD (DynI-PRD) with cdk5 in the presence of unlabeled ATP for a relatively short time of 5 min. For the second phosphorylation step, we removed cdk5 by washing and then incubated the DynI-PRD with or without GSK3β in the presence of radiolabeled [γ] 32 P-ATP for another 15 min. To ensure that any residual cdk5 activity remaining after washout was eliminated, we included the selective cdk5 antagonist roscovitine for the second [γ] 32 P-ATP labeling step in all experiments (Fig. 1a) . The GSK3 antagonist lithium had no effect on residual cdk5 activity ( Fig. 1a) . DynI-PRD was a very poor substrate for GSK3β without cdk5 in the priming step but became an excellent substrate for GSK3β after cdk5 priming ( Fig. 1b) . Lithium abolished this phosphorylation, indicating that the phosphorylation was a result of GSK3β, rather than cdk5, activity ( Fig. 1b) . Thus, dynamin I is an in vitro GSK3β substrate only after cdk5 priming.
Dynamin I contains two predicted consensus sites for GSK3 phosphorylation, but only the sequence containing Ser-774 and Ser-778 is phosphorylated in vivo 15, 18 . To determine whether Ser-778 is the cdk5 priming site and Ser-774 is the GSK3 phosphorylation site, we performed immunoblot analysis using phosphosite-specific antibodies 15 on DynI-PRD that was phosphorylated using the protocol described above (Fig. 1a) . Cdk5 specifically phosphorylated Ser-778 during the priming reaction in these experiments, and GSK3β selectively phosphorylated Ser-774 ( Fig. 1b) .
These results support the idea that cdk5 phosphorylates Ser-778 and GSK3 phosphorylates Ser-774 in vitro but do not rule out the presence of additional phosphorylation sites for GSK3 on dynamin I. We therefore mutated either Ser-774 or Ser-778 to alanine to prevent phosphorylation at either site. Mutation of the GSK3 target site (S774A) abolished GSK3β-dependent phosphorylation of the DynI-PRD ( Fig. 1c) . Notably, mutation of the cdk5 priming site (S778A) also abolished GSK3β-dependent phosphorylation, even though the GSK3 site (S774) was unaltered. This event was specific to dynamin I, as we found no obvious GSK3β-dependent phosphorylation of the ubiquitously expressed dynamin II PRD (which lacks the equivalent S774 site) with or without cdk5 priming ( Supplementary  Fig. 1 ). Overall, these four independent in vitro approaches indicate that cdk5 primes dynamin I at Ser-778 for subsequent phosphorylation by GSK3 at Ser-774.
We next determined whether GSK3 also phosphorylates dynamin I on Ser-774 in intact neurons. The phosphorylation of both Ser-774 and Ser-778 occurs after prior stimulus-dependent dephosphorylation and is termed rephosphorylation. This event can be visualized by stimulating primary neuronal cultures to dephosphorylate dynamin I and then monitoring the selective rephosphorylation of either Ser-774 or Ser-778 using site-specific phospho-antibodies 12, 15 ( Fig. 2a,b) . Inhibition of cdk5 activity by the antagonist roscovitine (50 μM) inhibited the rephosphorylation of both Ser-774 and Ser-778, consistent with previous studies 15 (Fig. 2) . This result would occur whether cdk5 was acting either exclusively at both sites or solely as a priming kinase for GSK3. When GSK3 activity was inhibited using either of the selective antagonists CT99021 (2 μM) or AR-AO14418 (5 μM) 19, 20 only rephosphorylation of Ser-774 was abolished, whereas Ser-778 was rephosphorylated to the same extent as controls ( Fig. 2) . Thus, cdk5 cannot be directly responsible for the rephosphorylation of Ser-774 in vivo, as this site is not rephosphorylated in the absence of GSK3 activity. These experiments confirm that GSK3 is the native protein kinase for Ser-774 on dynamin I and that this event is dependent on the prior priming phosphorylation of Ser-778 by cdk5. This is the first example of a kinase signaling cascade associated with endocytic proteins. a r t I C l e S Activity-dependent GSK3 role in synaptic vesicle retrieval Dynamin I is only dephosphorylated during intense action potential stimulation in central nerve terminals 13 and is therefore only rephosphorylated after this event. Consistent with this, both cdk5 activity and site-specific dynamin I rephosphorylation are only required for synaptic vesicle retrieval during high-intensity stimulation 12, 13 . Thus, we next sought to determine whether there was a similar activitydependent requirement for GSK3-dependent rephosphorylation in synaptic vesicle retrieval. We monitored the uptake of the fluorescent dye FM1-43 in cultured neurons using a stimulation 2/stimulation 1 (S2/S1) protocol. This protocol allows the effect of GSK3 inhibition to be directly compared with the control response from the same nerve terminals 12, 13 . Addition of CT99021 during the S2 loading period had no effect on FM1-43 uptake evoked by intense neuronal activity (800 action potentials, 80 Hz; Fig. 3a-c) . This was expected, as dynamin I was highly phosphorylated at rest and its rephosphorylation should not be affected by GSK3 inhibition either before or during stimulation ( Fig. 2) . CT99021 had no effect on FM1-43 unloading, ruling out any effect for GSK3 in synaptic vesicle exocytosis ( Fig. 3a-c) . To specifically assess the role of protein rephosphorylation by GSK3, we modified the protocol to include CT99021 throughout both the S1 and S2 loading periods ( Fig. 3d) . This protocol permits the dephosphorylation of dynamin I, but will arrest any GSK3-dependent rephosphorylation ( Fig. 2) . CT99021 strongly inhibited FM1-43 uptake evoked by high-intensity stimulation (800 action potentials, 80 Hz; Fig. 3e,f) . This indicates that protein rephosphorylation by GSK3 is important for synaptic vesicle retrieval during elevated neuronal activity. We next determined whether synaptic vesicle retrieval during mild stimulation conditions also required protein rephosphorylation by GSK3. We evoked FM1-43 loading with a mild stimulus of 200 action potentials (10 Hz) in the presence of CT99021 throughout the S1 and S2 loading periods (Fig. 4a) . Under these conditions, inhibition of GSK3-dependent rephosphorylation had no effect on FM1-43 loading (Fig. 4b,c) , in contrast with the extensive reduction in dye loading that occurred during high-intensity stimulation ( Fig. 3d-f GSK3-dependent protein rephosphorylation is required for synaptic vesicle retrieval during high-intensity stimulation. (a) Cells were loaded and unloaded with FM1-43 using the protocol shown. In both S1 and S2, dyes were loaded with 800 action potentials (80 Hz) and the cells were immediately washed. Unloading of the dye was stimulated by two sequential stimuli of 400 action potentials (40 Hz). Cells were pre-incubated with 2 μM CT99021 for either 10 min before and during S2 loading (S2 load) or for 10 min before and during S2 unloading (S2 unload) as indicated. Neither drug was used in the control at S1 and S2. a r t I C l e S there is an activity-dependent requirement for GSK3-dependent rephosphorylation in synaptic vesicle retrieval.
GSK3 is required for ADBE, but not CME Because GSK3-dependent protein rephosphorylation is only required during intense neuronal activity, it may selectively control ADBE. In support of this idea, the GSK3 priming kinase cdk5 is essential for ADBE but not CME 12 .
To determine whether GSK3 is required for ADBE, we first monitored FM2-10 uptake in the continual presence of CT99021 ( Fig. 4d) . FM2-10 shares a similar structure to FM1-43, but does not label ADBE 10, 11 ; thus, any effect of GSK3 inhibition on ADBE should not be detected by this assay. When we stimulated synaptic vesicle turnover by intense stimulation (800 action potentials, 80 Hz), inhibition of GSK3dependent rephosphorylation had no effect on FM2-10 uptake ( Fig. 4d-f ). This contrasts with the inhibition of FM1-43 uptake by CT99021 during identical stimulation conditions ( Fig. 3d-f) . The lack of effect of CT99021 on either FM2-10 uptake during intense stimulation or FM1-43 uptake during mild stimulation suggests that GSK3-dependent protein rephosphorylation is selectively required for ADBE but not for CME.
To independently confirm the requirement for GSK3dependent rephosphorylation in ADBE, we monitored uptake of tetramethylrhodamine-dextran, a large (40 kDa) fluorescent dextran that is too large to be accumulated by single synaptic vesicles 10, 21, 22 . Dextran uptake evoked by intense stimulation (800 action potentials, 80 Hz) was abolished by either of the GSK3 antagonists CT99021 or AR-AO14418, confirming the requirement for GSK3-dependent protein rephosphorylation in ADBE (Fig. 5a,b) . To confirm that these effects were specific to GSK3 inhibition, we silenced GSK3β expression using short hairpin RNA (shRNA; Supplementary Fig. 2) . Two independent shRNA vectors that reduced GSK3β expression S1 load 10 Hz, 20 s S2 load 10 Hz, 20 s ∆S1 S1 unload 2 × 40 Hz Cells were loaded and unloaded with FM1-43 using the protocol shown.
In both S1 and S2, dyes were loaded with 200 action potentials (10 Hz) and the cells were immediately washed. Unloading of the dye was stimulated by two sequential stimuli of 400 action potentials (40 Hz). Cells were pre-incubated with 2 μM CT99021, as indicated with gray shading, for all steps before and including S2 loading. ** a r t I C l e S also reduced the uptake of fluorescent dextran when compared with the empty vector ( Fig. 5c,d) . Thus, there is a requirement for GSK3-dependent protein rephosphorylation in ADBE, as either its acute inhibition by pharmacological antagonists or a reduction in its expression using shRNA silencing both retarded this synaptic vesicle endocytosis mode. The fact that GSK3 inhibition has no effect during low-intensity stimulation suggests that GSK3-dependent protein rephosphorylation has no role in CME. To confirm this, we examined both ADBE and CME endocytosis modes in parallel by monitoring uptake of horseradish peroxidase (HRP) into individual nerve terminals. Large electrondense endosome-like structures represent activation of ADBE, whereas CME is represented by the appearance of electron-dense small synaptic vesicles 10, 12, 13 . On stimulation, we observed a marked increase in both the number of HRP-labeled endosomes and HRP-labeled synaptic vesicles (structures <100 nm in diameter), indicating activation of both ADBE and CME (Fig. 6) . Inhibition of GSK3-dependent protein rephosphorylation by either CT99021 or AR-AO14418 markedly reduced the number of HRP-labeled endosomes that were generated during stimulation (Fig. 6c) , independently confirming the selective requirement for GSK3 in ADBE. In contrast, neither kinase inhibitor had any effect on the number of HRP-labeled synaptic vesicles, indicating that GSK3 has no role in CME (Fig. 6d) .
These results indicate that GSK3 activity is required for both ADBE and the rephosphorylation of Ser-774 on dynamin I. To determine whether GSK3-dependent rephosphorylation of Ser-774 on dynamin I is specifically required for ADBE, we overexpressed dominantnegative phosphorylation site mutants of dynamin I 23 and examined their effect on fluorescent dextran uptake evoked by intense neuronal activity (800 action potentials, 80 Hz). Overexpression of either phospho-deficient (DynI S774A -mCer) or phospho-mimetic dynamin I mutants (DynI S774E -mCer) inhibited dextran uptake compared with wild-type dynamin I (DynI WT -mCer), which had no effect (Fig. 7) . Thus, GSK3-dependent rephosphorylation of Ser-774 on dynamin I is a requirement for ADBE to proceed in central nerve terminals.
The perturbation of a number of endocytosis proteins implicated in CME results in an enhanced short-term depression of neurotransmission during high-frequency stimulation, presumably from rundown of available synaptic vesicles in nerve terminals [24] [25] [26] . To determine the function of GSK3-dependent ADBE during high-frequency neurotransmission, we examined the effect of CT99021 on synaptic depression evoked by high-frequency stimulation (HFS depression) of the Schaffer collateral inputs onto hippocampal CA1 pyramidal neurons. To eliminate postsynaptic effects of GSK3, we included CT99021 (2 μM) in the internal recording solution to inactivate the enzyme. Both control and CT99021-treated slices demonstrated a marked HFS depression of EPSC amplitudes throughout the duration of the stimulation (Fig. 8) . In the presence of CT99021, however, the extent of the HFS depression was significantly reduced at all time points (P < 0.01, two-way ANOVA; Fig. 8 ).
The relief from depression was not a result of alterations in synaptic vesicle release probability, as paired-pulse facilitation was unaffected by the presence of CT99021 (Supplementary Fig. 3) . Thus, inhibition of GSK3 activity and, by extension, ADBE ameliorates the extent of HFS depression at a prototypical glutamatergic synapse. Figure 6 GSK3-dependent protein rephosphorylation is required for HRP uptake into endosomes, but not synaptic vesicles. (a) Experimental protocol. Cells were repolarized for 25 min in incubation medium before a 10-s stimulation with 50 mM KCl to dephosphorylate dynamin I. After a 10-min repolarization in incubation buffer, HRP loading was stimulated by a 2-min stimulus of 50 mM KCl. Cultures were fixed either immediately before or after stimulation (arrowhead). When GSK3 inhibitors were used, cells were pre-incubated with either 2 μM CT99021 or 5 μM AR-AO14418 from 15 min before the initial KCl stimulation and all subsequent steps. a r t I C l e S DISCUSSION Our findings suggest a previously unknown neuronal function for the multifunctional serine/threonine kinase GSK3: the phosphorylation of a single key residue on dynamin I that is required for ADBE to occur. In contrast, GSK3 activity is not required for CME at the synapse. Thus, GSK3 is an important enzyme in the control of synaptic vesicle retrieval modes during times of elevated neuronal activity. This demonstrates a presynaptic role for GSK3 and reveals that a protein kinase signaling cascade prepares synaptic vesicles for ADBE. We investigated GSK3 function using two independent inhibitors, CT99021 and AR-A014418. Both are highly selective and do not affect cdk5 (refs. 19,20) . This was confirmed by their lack of effect on cdk5dependent rephosphorylation of Ser778 on dynamin I. These results were corroborated by silencing the expression of GSK3β with shRNA. Knockdown of GSK3β was not complete, as it has a long half-life in neurons 27 . However, dextran uptake was still substantially perturbed, confirming the role of GSK3 in ADBE. These results suggest that GSK3 is required for this form of synaptic vesicle retrieval, a finding that was corroborated using two other complementary assays (FM dye and HRP uptake).
Our results show that GSK3 is the in vivo kinase for Ser-774 on the PRD of dynamin I. Previously, we found that cdk5 rephosphorylated both Ser-774 and Ser-778 in vitro and in vivo 15 . We now understand why phosphorylation of Ser-774 by GSK3 was masked in those studies. In vivo inhibition of cdk5 by either antagonists or overexpression of dominant-negative mutants removed priming phosphorylation of Ser-778 and prevented GSK3 from phosphorylating Ser-774. In vitro, cdk5 can phosphorylate Ser-774 during longer incubation times 15 . However, the enzyme has a greater preference for Ser-778, as illustrated by the selective phosphorylation of Ser-778 by cdk5 during shorter incubation times (Supplementary Fig. 4) . Thus, cdk5dependent priming is essential for the downstream phosphorylation of Ser-774 by GSK3.
The activity-dependent dephosphorylation of dynamin I is essential for ADBE but not CME 13 . Consistent with this, we found no role for GSK3 in CME by three independent approaches (FM1-43 uptake during mild stimulation, FM2-10 uptake during intense stimulation and HRP uptake into synaptic vesicles during intense stimulation). GSK3 exclusively controlled rephosphorylation of Ser-774 on dynamin I and GSK3 activity was required for ADBE, raising the possibility that Ser-774 phosphorylation status might be the key regulator of ADBE. This was confirmed by overexpression of phosphorylation site mutants of Ser-774. The idea that GSK3β-dependent rephosphorylation of Ser-774 is important in ADBE is supported by studies showing that its phosphorylation exclusively controls an interaction with the endocytosis protein syndapin 23 . This is a critical point, as both syndapin 13, 28 and the phospho-dependent dynamin-syndapin interaction 13 are essential for ADBE, highlighting the importance of this signaling cascade in nerve terminal physiology. To the best of our knowledge, this is the first demonstration that the phosphorylation status of a single key residue of an endocytosis protein can control a specific synaptic vesicle retrieval mode.
There is an obligatory requirement for cdk5-dependent phosphorylation of Ser-778 before GSK3 can phosphorylate Ser-774 in vivo. However, the converse is not true and it is possible that ADBE is regulated by multiple signaling cascades. Both cdk5 and GSK3 are constitutively active, but they can be inhibited by proteolysis (for cdk5) 29 , phosphorylation by upstream protein kinases including Akt (for GSK3) 1 or protein-protein interactions (such as Wnt signaling) 1 . It is unlikely that cdk5 proteolysis is an important regulatory step, as the cleaved form of the kinase can prime the DynI-PRD for GSK3 phosphorylation just as well as the noncleaved form in vitro (data not shown). However, it is possible that an upstream signaling cascade could selectively control ADBE by regulating GSK3 activity. In support of this, overexpression of constitutively active Akt inhibited FM1-43 uptake during elevated neuronal activity in our cultures (M.A.C., unpublished data). Thus, there is great potential for the fine control of ADBE by multiple signaling cascades upstream of the key effector GSK3.
Inhibition of GSK3 relieved HFS depression in hippocampal slices, suggesting that triggering of ADBE may exacerbate rundown of neurotransmission by reducing the number of synaptic vesicles that are available for release in the short term. This has implications for learning and memory, as selective inhibitors that arrest ADBE Figure 8 Inhibition of GSK3 relieves HFS depression of EPSCs in intact slices. (a) Hippocampal slices were incubated with or without CT99021 (2 μM) for 1 h before being transferred to the recording chamber. Slices were challenged with a prepulse of 600 action potentials (40 Hz) 10 min before recording (indicated by arrowheads). (b) Top, example mean EPSCs recorded at four time points during the train of 600 stimuli. The subscript in each set denotes the sweep numbers that were averaged to obtain the trace. The cartoon to the left indicates that in these experiments CT99021 (2 μM) was only present in the pipette-filling solution. Bottom, experiments were performed as above, but CT99021 (2 μM) was also included in the external recording solution. The first mean EPSC waveforms are shown as having equal heights to allow direct comparison of the two recording conditions on the rundown of the amplitudes of the EPSCs. (c) Summary plot showing the dependence of the EPSC amplitude (normalized to the amplitude of the first EPSC) on the stimulus number. The numbers above the plot indicate the time points at which the EPSCs were taken. Two-way ANOVA analysis of the mean EPSC amplitude for all EPSC epochs occurring after the first 80 stimuli indicate that CT99021 (2 μM) significantly reduces the extent of HFS depression (control, n = 7; CT99021, n = 11; P < 0.01).
a r t I C l e S may increase synaptic strength during tetanic stimulation, resulting in increased cognitive performance. In addition, these results suggest that ADBE may be an important neuroprotective mechanism during neurological conditions such as epilepsy, as its triggering will reduce the extent of neurotransmitter release, and therefore neuronal excitability, during seizure activity. In summary, we found a specific presynaptic function for GSK3: regulation of ADBE, the major synaptic vesicle retrieval mode that occurs during high neuronal activity. Our results highlight a key role for GSK3 in presynaptic physiology and identify GSK3 as a new dynamin kinase. Our observation that cdk5 primes dynamin I for phosphorylation by GSK3 reveals a unique partnership between these kinases in controlling synaptic vesicle retrieval during elevated neuronal activity. These results identify GSK3 signaling as an important regulator of synaptic vesicle traffic in central synapses and suggest that GSK3 inhibitors may have a therapeutic role in reducing synaptic transmission under conditions of high synaptic transmission, such as occurs during seizure in humans.
METhODS
Methods and any associated references are available in the online version of the paper at http://www.nature.com/natureneuroscience/.
Note: Supplementary information is available on the Nature Neuroscience website.
